INTRODUCTION
Heading date 3a (Hd3a) gene was identified from a QTL for rice heading date, which located on the short arm of chromosome 6 (Yamamoto et al., 1998) , and further study proved that this gene was a functional ortholog of the Arabidopsis FT gene (Kojima et al., 2002) . Under short-day (SD) conditions, Hd3a gene was shown to be up-regluated by Hd1 (Heading date 1) and Ehd1 (Kojima et al., 2002; Doi et al., 2004) . Night break could strongly suppress the mRNA of Hd3a, while this effect could be abolished by phyB mutation, indicating that the night break was mediated by phytochrome B (Izawa et al., 2002; Ishikawa et al., 2005) . Recent studies have suggested that Hd3a gene was a florigen-type mobile flowering signal, its expression level was closely related with flowering time (Lin et al., 2007; Tamaki et al., 2007) . In Northern China, around 6,000 BC, foxtail millet was domesticated from S. viridis and became a major cereal crop (Bettinger et al., 2010) . As a SD plant, foxtail millet was sensitive to photoperiod, which limited its plant regions. By now, only a few cultivars like Yugu1 and Yugu18 show insensitivity to photoperiod, growing well in a wide range of ecological regions in China. The progress in genomic studies (Zhang et al., 2012; Bennetzen et al., 2012) make it feasible to uncover the molecular mechanism of photoperiod sensitivity in foxtail millet as the key regulators for photoperiodic flowering were conserved among different graminaceous crops. Here we found a putative Hd3a gene by BLAST search of foxtail millet genomic database (https://phytozome.jgi.doe.gov/pz/portal.html) with rice Hd3a gene sequence, and cloned this gene from eleven foxtail millet cultivars, primarily analyzed the relationship between Hd3a gene mutation sites and eight phenotypic traits including plant height (PH), heading date (HD), panicle length (PL), ear diameter (ED), panicle weight (PW), spikelet number (SN), grain number per branch (GN) and 1000-grain weight (1000-GW), which provided the basic information for exploring the function of foxtail millet Hd3a gene in-depth.
MATERIALS AND METHODS
Totally eleven foxtail millet cultivars, "8322-14", "An04-5014", Jigu1, Jigu27, "Jiyecong4", Longgu26, "Xianzihui", Yugu1, Zheng8041, Zhenggu2 and Zhengzhou12 were selected to clone Hd3a gene and to investigate eight phenotypic traits including plant height (PH), heading date (HD), panicle length (PL), ear diameter (ED), panicle weight (PW), spikelet number (SN), grain number per branch (GN) and 1000-grain weight (1000-GW). The foxtail millet seeds were sown in experimental field of Zhoushan campus, Henan University of Science and Technology on May 15, 2014. The planting pattern: two rows per cultivar, distance between rows was 25 cm and distance between plants was 3～5 cm. Tender leaves from 4 leaf stage seedlings were selected for DNA extracting. The Hd3a gene sequence from rice (Accession number: NC_029261.1) was used to blast search of foxtail millet genome database deposited in phytozome10.3 (http://phytozome.jgi.doe.gov/pz/ portal.html). As a result, a foxtail millet Hd3a-like gene mRNA sequence coding 178 aa and its genomic sequence were found (Accession number: XM_004964742 and NW_004675964.1). A pair of specific primers (F-CATTTCTCCACTGACGACTTA, R-CAGGTCTCAGCCAAGTACAA) was designed to amplify genomic sequence of Hd3a-like gene from 11 foxtail millet cultivars. PCR reactions were performed in 25µl volumes: 50 ng of genomic DNA, 200 µM dNTPs, 2.5 µl 10×PCR buffer, 0.5 µM each of forward and reverse primer, 1.25 U Taq DNA polymerase (Tiangen, Beijing, China). The PCR profile was: pre-denaturation at 95°C for 4 min, followed by 35 cycles of 40 s at 94°C, 40 s at 56°C and 1 min at 72°C, a last extension of 72°C for 5 min. The PCR production was cloned to pMD-18 vector (Takara, Dalian, China), then transformed to DH5α competent cells (Takara, Dalian, China). The positive clones were sent to Sunbiotech Company (Beijing, China) for sequencing. The Clustal 1.8 software was used to perform multiple sequence alignment and the Tassel 2.1 software was used to perform preliminary association analysis between Hd3a-like gene mutation sites and eight phenotypic traits
RESULTS AND DISCUSSION
All of the eight phenotypic traits showed wide variation range among 11 foxtail millet cultivars (Table 1) . According to HD, eleven foxtail millet cultivars could be divided into three groups: long-HD group which included five cultivars from Henan province, Yugu1, Zheng8041, "An04-5014", Zhengzhou12 and Zhenggu2, medium-HD group which included three cultivars from Hebei province, Jigu1, Jigu27 and "8322-14", short-HD group which included one cultivar from Shandong province ("Jiyecong4"), one cultivar from Heilongjiang province (Longgu26) and one cultivar from Inner Mongolia ("Xianzihui"). As all the eleven cultivars grew in Luoyang, Henan province in this study, five native cultivars showed longer HD, the remaining six from northward regions showed shorter HD, which indicated that foxtail millet cultivars from high latitudes gave obvious photoperiodical reaction when planted in short-day regions. Sequence alignment results of Hd3a-like gene from 11 foxtail millet cultivars, showed 26 mutation sites, which included 23 SNPs and 3 Indels. Of the 26 mutation sites, 13 SNPs and 1 Indel existed in exon 4, 9 SNPs and 1 Indel existed in intron 3, the remaining 1 SNP and 1 Indel existed in intron 1 (Table 2) . Interestingly, all the 26 mutation sites arose from only two foxtail millet cultivars, Jigu27 and "An04-5014". Based on the Hd3a-like gene mRNA sequence of Yugu1, the putative protein sequences of 11 Hd3a-like genes were predicted. The results showed that compared with other ten foxtail millet cultivars, the protein sequence of Jigu27 prematurely terminated when reached 107 aa, while the protein sequence of "An04-5014" produced quite a few frame-shift mutations after 137 aa and led to termination codon disappearing due to the Indel in exon 4 (Fig. 1) . Linkage disequilibrium (LD) analysis of the 26 mutation sites, a large LD structure was found, which included 17 sites, SNP 415, SNP 421, SNP 424, SNP 441, SNP 452, SNP 460, SNP 476, SNP 480, SNP 485, SNP 498, SNP 499, SNP 503, SNP 504, Indel 507, SNP 512, SNP 513 and Indel 1194 (Fig. 2) . The entire length unit was "cm" the weight unit was "g", the unit of HD was "day". (Table 3) . Except SNP 1196, the remaining 17 correlated sites were just as same as those constituted the large LD structure. 
Polymorphism analysis of a putative hd3a-like
T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C "An04-5014" A C G T T 1 A G G G T T G C C A C C C A 2 G T T 1 C Jigu1 T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C Jigu27 T T C C C 0 C A A A G G T G T T A G T G 0 T A C 0 G "Jiyecong4" T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C Longgu26 T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C "Xianzihui" T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C Yugu1 T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C Zheng8041 T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C Zhenggu2 T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C Zhengzhou12 T T C C C 0 C G G G T T G C C A C C C A 2 G T C 1 C
Figure 1. Multiple alignments of 11 Hd3a-like gene protein sequences.
Jia, Dai, Quan, Li, Fan, Zhang, Yu, Hou & Shi In this study, the mutation sites of Hd3a-like gene mainly distributed in intron 3 and exon 4, only two mutation sites were found in intron 1, which indicated that N-terminal region of the Hd3a-like gene was more conservative than that of Carboxyl-terminal region. The putative protein sequences of Hd3a-like gene also showed that the first 100 amino acids from N-terminal were highly conservative among 11 foxtail millet cultivars, which was in accord with that reported in rice (Kojima et al., 2002) . Association analysis showed the mutation sites of Hd3a-like gene were correlated with plant height (PH) in foxtail millet, no mutation sites associated with heading date were found. While in rice, Hd3a gene was identified as a QTL for heading date located on the short arm of chromosome 6 (Yamamoto et al., 1998) , and the expression of Hd3a gene under SD conditions could promote heading (Kojima et al., 2002) . The reason that no mutation sites were found to be associated with heading date in this study may be attributed to the sequence coverage analyzed. The sequence diversity of promoter region was proven to be highly correlated with expression level of Hd3a gene, giving diverse heading date (Takahashi et al., 2009) . In this study, only the complete coding region of Hd3a-like gene was analyzed, not containing the promoter region. Furthermore, the expression level of Hd3a gene was regulated by Hd1 and Ehd1 in rice (Kojima et al., 2002; Doi et al., 2004) . As the orthologs of Hd1 and Ehd1 were not cloned and analyzed in this study, it was difficult to clarify the relationship between Hd3a-like gene sequence mutation and heading date. So, clone Hd1 and Ehd1-like gene, analyze promoter region and expression level of Hd3a-like gene should be the next work.
Conclusion:
Totally 26 mutation sites were detected in Hd3a-like gene of eleven foxtail millet cultivars, which led to prematurely terminated at 107 aa of Jigu27 and quite a few frame-shift mutations after 137 aa, termination codon disappearing of "An04-5014". Preliminary association analysis between 26 mutation sites and eight phenotypic traits showed that only plant height was associated with 18 mutation sites, most of which laid in a LD structure.
